237 suggested the necessity of a 'reinforcement' occurring in the wild-type configuration that was 238 lacking in the bisD deletion and could not be restored by in trans bisDC induction. Table S2 ). In contrast, IPTG-induction of bisR from pMEbisR led to eGFP 249 and mCherry fluorescence in all cells in a unimodal fashion ( Fig. 4 ). Induction of either bisD 250 or bisC alone resulted again in bimodal output but smaller subpopulation sizes (Fig. 4) . In 251 contrast, induction of bisD and bisC simultaneously yielded high unimodal fluorescence of 252 both reporters in all cells (Fig. 4) . These results suggested that the arisal of bistability is 253 inherent to the architecture of the activation cascade and is dependent on the expression levels 254 of the individual regulatory nodes.
255
256 To better understand how the architecture of the ICEclc regulatory factors would generate 257 bistability, we developed a conceptual stochastic mathematical model ( Fig. 5A , SI model).
258 The model takes into account production and degradation rates of TciR, BisR and BisDC, 259 their oligomerization, as well as their binding to and unbinding from their respective linked 260 promoters (P bisR , P alpA , Fig. 1B ). Of note that model parameters were non-empirical and 261 conceptually imposed. Given their likely modulatory roles, we did not include AlpA or InrR 262 in the model. Stochastic simulations (n=10,000 traces) of the barest feedback loop (BisDC 263 activating P alpA , no TciR or BisR, Fig. 5A ), yielded a population with two BisDC output states 264 after 100 time steps, one of which is zero and the other with a mean positive BisDC value 265 ( Fig. 5B ). The output zero results when BisDC levels stochastically fall to 0 (as in Fig. 5A ), 266 since in that case there is no BisDC to stimulate its own production (note that the simulation 267 is arbitrarily started with a binomial distribution with a mean of 8 BisDC, Fig. 5B ). Parameter 268 variation indicated that the proportion of output zero from the loop is dependent on the 269 binding and unbinding constants for the alpA promoter, and the BisDC degradation rate ( 325 Gene synteny from bisR-bisDC to inrR-ssb was maintained in several genomes ( Fig. S2) , 326 suggesting them being part of related integrated ICEs. Notable exceptions included a region in 327 P. aeruginosa Carb01_63, which carried an integrase gene upstream of bisR but that was still 328 downstream of a tRNA gly gene ( Fig. S2 ). This region may encompass an ICE that has retained 329 the same integration specificity as ICEclc but carrying a different modular architecture where 330 regulation and integration modules are next to each other, instead of at the opposite ends as in 331 ICEclc ( Fig. 1 and S2 ). Further exceptions included genomic regions in P. aeruginosa strains 332 HS9 and W60856, which carry a gene for a LysR-type transcriptional regulator (LTTR) 333 upstream of bisR with 53% and 51% amino acid identity to TciR (overlap lengths 95%), . We showed here that TciR activates 355 solely the transcription of a hitherto unrecognized transcription factor gene named bisR, and 356 no further critical ICEclc promoters (Fig. 2) . The BisR amino acid sequence revealed only 357 very weak homology to known functional domains, thus making it the prototype of a new 358 family of transcriptional regulators (Fig. S1 ). BisR on its turn only activated a single other 359 target, the alpA promoter, stimulating production of (among others) BisCD (Fig. 2) . The 360 genes bisD and bisC code for subunits of an activator complex that weakly resembles the 361 known regulator of flagellar synthesis FlhCD, and related regulator complexes controlling 362 activation of other mobile genetic elements [20,32-34]. Finally, we showed that BisDC is 363 sufficient to activate the previously characterized bistable ICEclc promoters P int and P inR .
364 Importantly, we found that BisDC also activates transcription from P alpA , thereby creating a 365 positive feedback loop on its own expression. Our conceptual mathematical model suggested 366 that this feedback loop can both create and maintain the bistable output, although bimodality 367 may already arise at the level of BisR expression and be continued by the feedback 368 architecture (Fig. 5, 6) . 420 environmental cues that influence the transfer competence network. For example, we 421 previously found that deletions in the gene inrR drastically decreased ICEclc transfer 422 capability by 45-fold and reduced reporter gene expression from P int [9] . Expression of InrR 423 alone, however, did not show any direct activation of P int , P inR or P alpA (Fig. 3) , and InrR is 424 thus unlikely to be a direct transcription activator protein. On the other hand, effects of 425 inducing cloned ICEclc fragments carrying or not inrR did affect expression of those three 426 promoters in a P. putida without ICEclc (Fig. 3 ). Our results also indicated that induction of 427 AlpA may repress output from the P alpA promoter, suggesting a further possible modulation of 428 the feedback loop that is initiated by BisR and maintained by BisDC. Previous results also 429 highlighted the implication of RpoS for P inR activation (Fig. 1B) , which may be more 430 generally important for other ICEclc regulatory promoters as well [50] .
431
432 Our results suggested that it might be primarily the levels of transcription factors at different 433 time points in cells, which determine the onset and extent of transfer competence activation 434 ( Fig. 4) . Exponentially growing cells of both P. putida and P. knackmussii B13 containing 435 ICEclc show no signs of transfer competent cells, which we have attributed to MfsR 436 autorepression of tciR transcription [24]. Since we could so far not find any ligand 437 specifically derepressing MfsR [24,51], we assume that basal production of TciR in 438 exponentially growing cells is simply too low or its degradation too fast to activate the next 439 node (the bisR promoter, as simulated in the model of Fig. 6B ). Cells in stationary phase and 440 particularly those that grew on 3-CBA would then contain sufficient TciR to cause activation 441 of P bisR . We acknowledge, however, that we have so far not measured TciR concentrations 442 and changes thereof in exponentially or stationary phase P. putida ICEclc cells. Neither do we 443 know whether TciR in wild-type situation associates with a chemical ligand [52] for the 444 subsequent activation of bisR transcription. BisR, in contrast, was a very proficient activator 445 of the alpA promoter, and in a concentration dependent manner (Figs. 2, 4, 7) , suggesting that 446 it is solely the BisR levels in the cells that determine activation of the BisCD bistable 447 feedback loop. 448 449 Phylogenetic analyses showed the different ICEclc regulatory loci (i.e., bisR-alpA-bisDC-450 inrR, Fig. 1A ) to be widely conserved in Beta-and Gammaproteobacteria (Fig. S2, S4 ). Most 470 Bacterial strains and plasmid constructions used in this study are shortly described in Table 1 471 and with more detail in Table S1 . Strains were routinely grown in lysogeny broth (LB Miller, 472 Lab Logistics Group) at 30°C for P. putida and 37°C for E. coli in an orbital shaker incubator, 473 and were preserved at -80°C in LB broth containing 15% (vol/vol) glycerol. Reporter assays 474 and transfer experiments were performed in minimal media [55] supplemented with 10 mM 475 sodium succinate or 5 mM of 3-chlorobenzoate (3-CBA). Antibiotics were used at the 476 following concentrations: ampicillin (Ap), 100 µg/mL for E. coli and 500 µg/mL for P. 477 putida; gentamycin (Gn), 10 µg/mL for E. coli, 20 µg/mL for P. putida; kanamycin (Kn), 50 478 µg/mL; tetracycline (Tc), 12 µg/mL for E. coli, 100 µg/mL or 12.5 µg/ml for P. putida grown 479 in LB and minimal media, respectively. For induction, bacterial cultures were supplemented 480 with isopropyl β-D-1-thiogalactopyranoside (IPTG) at indicated concentration.
482
Molecular biology methods 483 484 Plasmid DNA was purified using the Nucleospin Plasmid kit (Macherey-Nagel) according to 485 manufacturer's instructions. All enzymes used in this study were purchased from New 486 England Biolabs. PCR reactions were carried out with primers described in Table S2 . PCR 487 products were purified using Nucleospin Gel and PCR Clean-up kits (Macherey-Nagel) 488 according to manufacturer's instructions. E. coli and P. putida were transformed by 
578

Statistical analysis
579 580 Fluorescent reporter intensities were compared among biological triplicates. In case of mini-581 Tn5 insertions, this involved three clones with potentially different insertion sites, each 582 measured individually. For mini-Tn7 inserted reporter constructs, we measured three 583 biological replicates of a unique clone. Expression differences between mutants and a strain 584 with the same genetic background but carrying the empty pME6032 plasmid were tested on 585 triplicate means of individual median values in a one-sided t-test (hypothesis being that the 586 mutant expression is higher than the control), or in case of extremely skewed population 587 distributions, on the mean of 75 th percentiles. Coherent simultaneous data series were tested 588 for significance of reporter expression differences in ANOVA, followed by a post-hoc Tukey 589 test. Violin plots were produced using ggplot2 in R or Graphpad Prism 8 787 3-chlorobenzoate (3-CBA); Ampicillin (Ap); gentamycin (Gn); kanamycin (Kn), 50 µg/mL; rifampicin (Rf), 788 tetracycline (Tc) 789 790 (A), (B), (B'), and (C) refer to components of the synthetic regulatory system (Fig. 7 ) 791 792 For strain numbers, see Table S1 .
